Each point is the mean for five animals. Vertical bars indicate the S.E.; the absence of bars indicates that the S.E. is within the size of the symbol. In contrast to these results, at pH 9.4, the pulmonary absorptions of theophylline and aminophylline in 15 s were significantly decreased (p <0.001), but the absorption of caffeine did not change. The partition coefficients of xanthine derivatives at various pH values are summarized in Table I . When the partition coefficient values of theophylline and aminophylline at pH 9.4 decreased from 0.233 to 0.119 and from 0.185 to 0.078, respectively, the 15-s absorption values of these drugs at pH 9.4 also decreased to 52.4 + 1.2% (p <0.001) and 59.0 + 0.8% (p < 0.001), respectively. In the case of caffeine, neither the partition coefficient value at pH 9.4 nor the 15-s absorption value at pH 9.4 changed significantly. On the other hand, on comparing the partition coefficients and pulmonary absorption of these three compounds at pH 7.4, caffeine, which has 86-to 101-fold (pH 7.4) greater partition coefficient than the other two drugs, was absorbed more rapidly than the other two drugs. These results suggest that the partition coefficient of the derivatives may affect the pulmonary absorption. The effect of osmotic pressure of the drug solution administered on the absorption of theophylline is summarized in Table II . The 15-s absorptions from drug solutions in distilled water, 0.9% NaC1 soln. and 2.7% NaCl soln. showed no significant difference.
Discussion
It is well known that the lung possesses a membrane for exchange of gas between blood and air; it is located deep inside the chest and is divided into microscopic subsections (alveoli) at the ends of the many bronchi. Moreover, the alveolar membrane is very thin and the alveoli are surrounded by a dense vessel network. Accordingly, it is expected that drugs will be transferred rapidly from the alveoli into the circulation.
In the present study, it was confirmed that xanthine derivatives (theophylline, amin- ophylline and caffeine) were absorbed from the rat lung very rapidly, suggesting that absorption of these drugs from the lung is fast compared to absorption from the gastrointestinal tract. For example, as reported by Hogben et a!. ,12) the 30-min absorption of, theophylline from the rat small intestine is about 29%, whereas, as shown in the present study, the 1-min absorption of theophylline was about 90% in the case of rat lung (Fig. 1) . Since absorption of drugs from the lung is much more rapid than from the intestinal tract, it may be possible to utilize the lungs as a site of drug administration for therapeutic agents that are poorly absorbed from the gastrointestinal tract. An interesting feature of the present study is the nonlinear, semilogarithmic plots obtained (Fig. 1) . In agreement with these findings, Schanker et al. 13) found that digoxin and digitoxin showed multiexponential absorption kinetics. They suggested that one or more of the following factors may be responsible for the secondary phase of slower absorption: 1) reversible binding of drugs to macromolecules in lung tissue or in the pulmonary tree; 2) absorption rates might be different depending on the region of pulmonary tissue involved; or 3) restricted diffusion of drugs within the pulmonary tree owing to entrapment in fluids with high viscosity. However, these possibilities were not examined in the present study.
To confirm in more detail the fate of these drugs after administration into the lung, we measured plasma levels of the drugs (Fig. 2) . As the plasma level of these drugs reached the maximum within 30 s, it is thought that the lung mucosa may afford a useful route of administration for systemically acting drugs, provided that pathologic and histological damage to the lung mucosa does not occur. In particular, the pulmonary route may be suitable for the administration of endogenous substances which have a short biological halflife and are effective at a small dose, for example, calcitonin14) and prostaglandin E. 15) The present investigations demonstrated that there was no direct relationship between pulmonary absorption of theophylline and body weight or lung wet weight of rats, and that the percentage absorption remained nearly constant (Figs. 3 and 4) . From these findings, it seems possible that the total absorption from the lung may be independent of both the body weight and the lung wet weight of rats, since theophylline may be absorbed rapidly from a part of the lung before diffusing throughout the whole lung. Drug administration via this route might be very favorable in clinical therapy because the absorption rate is independent of factors such as body weight and lung wet weight, because the absorption rates of drugs did not vary from individual to individual, and because effective plasma concentrations of drugs can be maintained easily.
To examine the effect of dose on the rate of absorption, these compounds were administered over a wide range of initial dose (Fig. 5) . The percent absorbed was not affected by the dose, suggesting that the amount of drug absorbed would be proportional to the dose.
In order to examine the effect of pH on the pulmonary absorption, the pH value of administered drug solution was varied between 6.4 and 9.4. The absorption rates of theophylline, aminophylline and caffeine were unchanged at pH 6.4, 7.4 and 8.4, but at pH 9.4, the absorption rates of theophylline and aminophylline decreased markedly, though that of caffeine did not (Fig. 6) . With respect to theophylline and aminophylline, Trochta et al. 16 ) have reported that both drugs have a pKa value of about 8.8. Thus, the absorption rates of both drugs at pH 9.4 may have decreased significantly because both drugs exist in almost wholly nonionized form at pH 6.4, 7.4 and 8.4, but almost wholly ionized form at pH 9.4. In contrast, caffeine, having pKa 0.8,17) exists in a nonionized form at pH 9.4. Therefore, these results suggest that the lung mucosa may be preferentially permeable to the nonionized form of drugs, according to the pH-partition hypothesis.18) Thus, the pH value of a dosage form must be carefully adjusted.
To examine the effect of ionic components on the absorption, Krebs-Ringer phosphate solution and isotonic sodium borate solution of pH 8.4 were also studied, and no difference in absorption was found. From these results, it may be possible to conclude that ionic components did not effect on the absorption of drug through pulmonary mucosa, contrary to our previous findings in the case of intestinal absorption. 19) On comparing the absorption rates with the lipid/water partition coefficients of these drugs, since both theophylline and aminophylline have a pKa value of about 8.8,16) the absorption rates of both drugs at pH 9.4 decreased together with the decrease of the partition coefficients, while, in the case of caffeine, neither the partition coefficient nor the absorption rate decreased at any of the pH values used in the present study (Table I) . Moreover, caffeine, having 86-to 101-fold (pH 7.4) greater partition coefficient than theophylline and aminophylline, was absorbed more rapidly than the latter two drugs. These results indicate that the absorption of xanthine derivatives from the lung may depend on their lipid solubilities.
To clarify the effect of osmolality of the solution administered on pulmonary absorption, hypotonic, isotonic and hypertonic theophylline solutions were administered to the rat lung (Table II) . The results obtained suggest that the absorption from the lung mucosa is not affected by the tonicity on the drug solution. Kitazawa et al.19) found that the results obtained for intestinal absorption were quite different from those for pulmonary absorption. Namely, the intestinal drug absorption increased with decreasing tonicity of the perfusate. This difference may be related to the unique physiological function of the lung. However, further investigations are required.
In conclusion, the present study has provided some basic data for the development of dosage forms suitable for pulmonary administration.
